ABSTRACT A concurrent dual-band six-port receiver based on real-valued time-delay neural network (RVTDNN) is proposed in this paper to retrieve two baseband signals from a dual-band radio frequency signal, concurrently. Different from the traditional six-port correlator, the new passive circuit correlator, which is composed of one power divider and three quadrature couplers, has three inputs and three outputs, resulting in the decreased hardware complexity as well as circuit size, and a reduced power consumption for the system. The new six-port correlator, its output power as well as the baseband signal recovery theory are described and analyzed in detail. The calibration algorithm based on the RVTDNN is adopted to verify the feasibility of the concurrent dual-band receiver based on the proposed correlator circuit. Finally, a practical wideband six-port receiver test bench, which operates from 2 to 3 GHz, is built and tested using the common modulated signals. The calculated error vector magnitudes are all less than 2% verifying the correctness of this novel system implementation approach.
I. INTRODUCTION
Since the introduction of six-port technology to design a reflectometer by G. Engen in 1959 [1] , it has exhibited huge potentiality for many applications because of flexible circuit configuration, wideband performance, and low cost, etc. Hence, the six-port technology [2] - [13] has been successfully applied to the microwave network reflection analyzer [2] , beam direction finding [3] , and the W-band phase-noise measurement [4] . In addition, the six-port system with different configurations or calibration algorithms have been be used to measure the range with high precision [5] , the free-space electromagnetic waves [6] , the moisture contents of the biomass material [7] , the absolute power [8] , the noise temperature [9] , and the velocity based on Doppler effect [10] . Also, the AM-AM/AM-PM distortion of the transistors [11] can be determined by the load-pull measurement based on the six-port correlator. Furthermore, the six-port techniques can be used in traffic safety using range as well as angle measurement techniques [12] , and in medicine to track the remote respiration and to monitor the heartbeat [13] .
Besides the applications discussed above, the six-port technology for modern wireless communications has been researched for many years since the direct digital demodulation at microwave (or millimeter) frequency was first proposed by J. Li in 1994 [14] . Many different zero-intermediate frequency (IF) six-port based receivers [15] - [23] have been proposed. According to the methods about how to retrieve desired base-band signal from radio frequency (RF) signal, these receivers can be classified into two classes, namely, quasi-ideal hardware approaches [15] - [18] and calibration based approaches [19] - [23] . Compared to the first method [15] - [18] , the calibration based receivers [19] - [23] , which are more popular, have been proposed to improve the circuit performance. On the other hand, with the continuous evolution of the modern wireless communication systems [24] , dual-band or multi-band circuits and systems become very important in that they can operate at two or more frequencies, simultaneously. Hence, many efforts have been made to design dual-band receivers [25] - [31] . Different from the traditional mixer-based receivers [25] - [29] , concurrent dual-band six-port receivers [30] - [31] feature low cost, easy integration, small circuit size, low power consumption, and compatibility with digital signal processing (DSP). However, the six-port correlator in [30] has two inputs and four outputs. Two local oscillator (LO) signals used to mix with the dual-band radio frequency (RF) signals need to be combined by using a power divider (PD), which will cause 3-dB loss for each LO signal. Furthermore, four output ports of the correlator need four diode detectors (DDs), four low-pass filters (LPFs), as well as four analog-to-digital converters (ADCs), which increase the cost and complexity of the whole circuit and system. Therefore, a novel concurrent dual-band receiver based on real-valued time-delay neural network (RVTDNN) as shown in Fig. 1(a) is proposed in this paper. Different from the systems in [30] , the six-port correlator in this paper has three inputs and three outputs. Here, two LO signals can be fed into the system directly without any PD, and only three voltage signals are used to retrieve the desired two baseband signals concurrently.
The remainders of this paper are organized as follows. The system configuration, the circuit structure of the six-port correlator, the output power, and the baseband signal recovery theory are illustrated and discussed. Then, the calibration algorithm based on the RVTDNN for this proposed six-port receiver is adopted in Section II. A complete six-port measurement setup is built, and five pairs of modulated RF signals, including Quadrature Amplitude Modulation (QAM), Wideband Code Division Multiple Access (WCDMA), and Long Term Evolution (LTE) signals with different bandwidths and sampling frequencies, are used to validate the correctness of the proposed system and calibration algorithm in Section III. Finally, a conclusion is drawn at last.
II. THEORY ABOUT THE DUAL-BAND SIX-PORT RECEIVER
The system configuration of the proposed concurrent dualband six-port receiver is shown in Fig. 1(a) . Similar to other dual-band receivers [25] - [29] , the dual-band RF signal is captured by the dual-band antenna (or broadband antenna), filtered by the dual-band bandpass filter (BPF), and preamplified by the dual-band low noise amplifier (LNA). Then, the RF signal goes into one of the input ports of the six-port demodulator, and two LO signals are fed into the remaining two input ports. Finally, we can obtain the desired two baseband signals (I EST 1 + jQ EST 1 and I EST 2 + jQ EST 2 ) by processing the three voltage signals obtained from the diode detectors applied at the three output ports of the correlator.
A. THE CONFIGURATION OF CONCURRENT DUAL-BAND SIX-PORT DEMODULATOR
It can be seen from Fig. 1(b) that the proposed six-port demodulator essentially consists of one six-port correlator, three DDs, three LPFs, three ADCs, and one digital signal processor (DSP). Besides, this six-port correlator has three inputs and three outputs. The output voltage signals digitized by the ADCs are used to recover the desired baseband signals (I EST 1 + jQ EST 1 and I EST 2 + jQ EST 2 ) .
It is worth noting that the DDs, LPFs, and ADCs should be identical to simplify the analysis and calibration processes. In addition, the DDs should work in their square law regions (P k = α k V k , k = 1, 2, and 3) [22] , [23] to get better performance. VOLUME 5, 2017 B. PROPOSED SIX-PORT CORRELATOR As discussed before, the proposed six-port correlator shown in Fig. 2 has three inputs and three outputs, which is totally different from the six-port correlators used in [22] , [23] , [30] , and [31] , which are very popular and often used in the conventional dual-band six-port receiver design. It can be observed that this novel six-port correlator consists of three quadrature couplers (QCs) and one PD. The RF signal is fed into port 1 at the right side, and two LO signals go into ports 2 and 3 at the left side, respectively. The remaining ports 4-6 are the output ports.
The ideal scattering parameters at the operating frequency can be obtained as, 
Equation (1) shows that this six-port correlator features high isolation between any two inputs among ports 1-3, and high isolation between any two outputs among ports 4-6. The input signal from any of the input ports (1, 2, and 3) is divided equally at three outputs with different phase shifts.
The three output signals listed in (2) can be calculated under the excitations at all the three input ports, namely, a RF , a LO1, and a LO2 .
In practice, any real six-port correlator has quasi-ideal behavior and its scattering parameters' amplitudes as well as the phase responses are different from that shown in (1). Hence, (1) cannot be used to calculate the real measured output powers.
C. GENERAL OUTPUT POWER THEORY
The six-port receiver in Fig. 1 (b) can obtain two different baseband signals from a dual-band RF signal (a RF = a RF1 + a RF2 ), and the frequency of the RF as well as LO signals can be selected [30] as shown in Fig. 3 . The phasor representation of the RF signal and the two LO signals are defined [30] and listed as,
where
Notably, the signals I 1 + jQ 1 and I 2 + jQ 2 in (3) are the ideal original baseband signals to the receiver, however the signals I EST1 + jQ EST1 and I EST2 + jQ EST2 in Fig. 1 (a) are the estimated signals at the output of the receiver.
Since the six-port correlator is not ideal, the generalized expressions in (5) are used to calculate the output powers.
where k = 4, 5, and 6.
Finally, the output power (P k ) detected by the DDs can be obtained [22] , [23] using (7).
Notably, two LO signals are fed into the six-port correlator directly, hence, there is no 3-dB loss as encountered in the conventional dual-band six-port receiver [30] , resulting in lower circuit complexity, lower cost, and lower power consumption.
Combining (3)- (7), the output power, which contains four different frequency components (DC, ω 23 , ω 31 , and ω 21 ), can be obtained and listed as follows, (8) where
It is worth noting that the output power centered at the frequency components ( ω 31 , and ω 21 ) will not be used for the baseband signal recovery because the ADCs with high sampling frequency are needed if the spacing of two carriers ( f RF ) is very large. Also, the output powers (at ω 31 , and ω 21 ) will be attenuated greatly due to the LPFs, which are in front of the ADCs in Fig. 1(a) .
D. BASEBAND SIGNAL RECOVERY THEORY
The power centered at DC in (8) can be obtained and listed,
Actually, the power in (11) 
Then the first baseband signals (I 1 , and Q 1 ) can be obtained after the simple matrix transformation, and we can get,
Finally, the first I /Q signals can be written as the linear combination of the output power centered at DC,
On the other hand, the power centered at ω 23 in (8) can be written as,
It can be seen that for the second baseband signal, only the I 2 and the Q 2 are contained in the power at ω 23 , indicating that only the power at ω 23 cannot be used to retrieve the second baseband signal with high performance in that it fails to include the magnitude |a RF2 | [32] . Therefore, the power at DC and ω 23 can both be used, and we can get, 
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Then the matrix equation in (17) can be transformed to 
Finally, the second baseband signals can be written as, 
E. RECEIVER CALIBRATION ALGORITHM
The analysis about the output power indicates that the signals at DC can be used to retrieve the first baseband signal (I EST 1 + jQ EST 1 ) , and the signals at DC and ω 23 can be used to recover the second baseband signal (I EST 2 + jQ EST 2 ) . Therefore, the schematic diagram of the DSP is shown in Fig.4 . the inputs, and the outputs are I EST 1 and Q EST 1 .
where n denotes the voltage input at instant n, and M is the memory depth. Different from the NN 1 , the inputs of the NN 2 has six voltage signals (V 41 , V 51 , V 61 , V 42 , V 52 , and V 62 ) and their past values, and the outputs are I EST 2 and Q EST 2 , namely,
(21b)
The number of the unknown parameters (weight and bias) of the NN 1 is 3N (M + 1) + 3N + 2, and it is 6N (M + 1) + 3N +2 for the NN 2 . More information about how to build and train the RVTDNNs has been discussed in [23] , and it will not discussed here for brevity.
III. EXPERIMENTS AND DISCUSSION ABOUT THE SIX-PORT RECEIVER
The system configuration, circuit structure of the six-port correlator, output power, as well as the calibration algorithm about the RVTDNN have been discussed in Section II. The complete measurement test bench built for validation is being discussed in Section III. In this section, the test bench is built and some common modulated RF signals, including QAM, WCDMA, and LTE signals, are used to verify the correctness of the theory and algorithm.
A. MEASUREMENT TEST BENCH OF THE PROPOSED RECEIVER
A complete test bench has been built for validation as shown in Fig. 5 . The six-port correlator, which consists of one power divider and three quadrature couplers, operates from 2 GHz to 3 GHz.
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Two ideal baseband signals are downloaded into two synchronized vector signal generators (E4438C from the Keysight Technologies) through the GPIB cable to generate the dual-band RF signals (a RF ). The amplitudes and the carrier frequencies need to be preset in advance. Here, the amplitudes of the RF signals are set to be 0 dBm for both the RF signals. The carrier frequency of the a RF1 (a RF2 ) signal is 2.3 (2.6) GHz.
The two RF signals are combined into one RF signal by a power divider, which are fed into one input of the six-port correlator. Notably, the power divider is not necessary in practical scenario in that the dual-band RF signal can be captured by the dual-band or wideband antennas as shown in Fig. 1. Two LO signals (a LO1 and a LO2 ), which are generated using two signal generators (E4422B from the Keysight Technologies), are fed into the other two input ports of the proposed correlator directly. Different from [30] , no power divider is used here. The operating frequency of the a LO1 is identical to that of the a RF1 , and the frequency of the a LO2 should be chosen flexibly based on signal bandwidths and the ADCs. In addition, the amplitudes of the two LO signals are both set to be 7 dBm.
Three voltage signals, which are generated by three identical diode detectors, go into three inputs of the Mixed Signal Oscilloscope MSO9404A and there they are captured by two dual-channel Keysight Vector Signal Analyzer (VSA 89600). (22) where L is the total length of the original signals, S est (S est = I est + jQ est ) denotes the estimated signal, and S ideal (S ideal = I ideal + jQ ideal ) represents the ideal original signal.
B. MEASUREMENT RESULTS AND DISCUSSION
In order to validate the feasibility of the proposed sixport correlator and the proposed calibration algorithm, 20000 samples of 16-QAM signal with 10-MHz bandwidth as a RF1 and 20000 samples of 64-QAM signal with 10-MHz bandwidth as a RF2 are used. The sampling frequencies for two RF signals are both 80 MHz. The operating frequency of the a LO2 signal is set to be 2.55 GHz. Then the first 1000 samples as the training data are used to calibrate the NN 1 and the NN 2 . Finally, two baseband signals can be retrieved as described in Section II.
The constellation and the power spectrum of the 16-QAM signal are shown in Fig. 6 (a) and (b) , and the constellation and the power spectrum of the 64-QAM signal are shown in Fig. 6 (c) and (d) . The transmitted and the received points in Fig. 6 (a) and (c) matches very well.
In addition, only little spectrum regrowth can be seen in Fig. 6 (b) and (d) . The error vector magnitude (EVM) for the 16-QAM signal is only 1.87% when the memory depth is 4 and the neuron number is 4. Furthermore, the EVM for the 64-QAM signal is 1.60% when the memory depth is 3 and the neuron number is 4.
Besides the QAM signals, 30721 samples of the LTE signals with 5-MHz bandwidth and 30721 samples of the LTE signals with 10-MHz bandwidth are also used to test this system. The sampling frequencies of two LTE signals are both 30.72 MHz, and the operating frequency of LO 2 signal is set to be 2.57 GHz. The first 1000 (1500) samples of the LTE signal with 5-MHz (10-MHz) bandwidth are used to train the NN 1 (NN 2 ). Fig. 7 (a) and (b) show the power spectra comparison between the transmitted and the received LTE signals. It can be observed that only little spectrum regrowth, which is mainly caused by the diode detectors nonlinearities, exists, indicating this system is quasi-linear. The EVM is 1.88% (1.67%) for the LTE signal with 5-MHz (10-MHz) bandwidth when the memory depth is M = 3 (M = 2) and the neuron number is N=4 (N=4).
In addition, another three pairs of RF signals are also tested and the results are listed in Table 1 . The EVMs are all less than 2% for different kinds of modulated signals, indicating that the proposed six-port correlator can be used for dualband wireless communication applications.
C. COMPARISON WITH THE STATE-OF-THE-ART CONCURRENT DUAL-BAND SIX-PORT RECEIVE
Here, a state-of-the-art concurrent dual-band six-port receiver [30] is used to compare with the proposed dual-band six-port system in this paper. It can be seen that the EVMs are all less than 2% in both papers, indicating that the performance are almost identical. Therefore, the comparison mainly focuses on the system architecture, which have been summarized in Table 2 . (1) The six-port correlators, in [30] and in this work, have the same elements (one PD and three QCs). Different from [30] , the six-port correlator in this paper has three inputs and three outputs, however, the six-port correlator in [30] has two inputs and four outputs.
(2) One auxiliary power divider is needed in [30] because two LO signals should be combined before being fed into the system. However, the two LO signals go into the six-port correlator directly in this paper. Hence, there is no 3-dB loss for each LO signal, which exists in [30] .
(3) There are three outputs in the proposed six-port correlator, hence, only 3 DDs, 3 LPFs, and 3 ADCs are needed to process and digitize the voltage signals. However, 4 DDs (LPFs, and ADCs) are needed in [30] . Hence, the circuit size, cost and power consumption will be further reduced in the proposed dual-band six-port receiver topology.
It can be concluded that this paper features some major advantages compared to that in [30] for the dual-band six-port receiver applications.
IV. CONCLUSION
A concurrent dual-band receiver based on a novel six-port correlator, which consists of three input and three output ports, is proposed in this paper. The system configuration, circuit structure of the six-port correlator, output power as well as the baseband signal recovery theory are discussed. A calibration algorithm based on the RVTDNN is proposed for modeling and calibration of the complete receiver system. Finally, different kinds of modulated RF signals, including QAM, WCDMA, and LTE signals, are generated and used to test the validity of the six-port receiver and the calibration algorithm. All the measured EVMs between the transmitted and the received signals are all less than 2%. Little spectrum regrowth can be seen from the measured signals. In addition, this six-port system features smaller circuit structure, lower cost and less power consumption compared to the concurrent dual-band six-port receiver in [30] . It is expected that the proposed six-port receiver will play an important role in modern wireless communication systems.
